ABSTRACT Prevention of lipid oxidation needs special attention because a high proportion of fatty acids in broiler meat are unsaturated. A feeding experiment was conducted to evaluate the antioxidant effect of dietary addition of rosemary, chokeberry pomace, rosehip, or nettle in comparison with vitamin E. Male Ross PM3 broilers caged in groups of 6 (4 replicated cages per treatment) were fed a balanced diet supplemented with 25 g/kg of herbal additive, 200 IU of α-tocopheryl acetate/kg, or without supplementation from d 7 to 35. Intake, performance, and with the help of excreta samples, apparent fiber digestibility, ME content, and metabolizability of nitrogen and energy were recorded per cage. Feed was analyzed for total phenols and tocopherols. In each bird (n = 24 per treatment), carcass weight and relative organ weights were recorded, and skin and liver color were assessed. Abdominal fat was analyzed for induction time (h) of lipid oxidation (Rancimat). Breast meat was analyzed for total tocopherol content (mg/kg) and development of TBA reactive substances (TBARS; μg of MDA/kg) over 9 d of storage. Data were subjected to ANOVA considering treatment and, where applicable, storage time. Rosemary supplementation reduced oxidation (TBARS d 9: 201; induction time: 2.48) and elevated tocopherol content (5.72) of the meat compared with control (470, 1.87, and 3.53, respectively). Rosemary-treated birds had a slightly lower carcass weight and a reduced nitrogen and energy metabolizability. Rosehip addition numerically decreased TBARS (319) and enhanced carcass weight (1.71 kg) compared with rosemary-treated birds (1.54 kg). Only a trend in antioxidant activity could be ascribed to chokeberry pomace, although dietary phenolic content was highest. Nettle did not improve oxidative stability (TBARS: 506; induction time: 1.91), although tocopherol content was elevated (6.51). Nettle treatment strongly intensified skin yellowness (b* of 20.6) compared with the control treatment (10.8). Clearly, rosemary is the most suitable dietary antioxidant investigated in this study, yet chokeberry and rosehip also exhibited interesting properties.
INTRODUCTION
Broiler diets are often supplemented with oils to cope with the high energy requirements of modern genotypes. Oils are typically of vegetable origin and rich in polyunsaturated fatty acids (PUFA). For that reason, PUFA are also prevalent in the lipid fraction of poultry-derived foods. Their double bonds are highly prone to lipid oxidation; hence, special attention needs to be paid to avoid their deterioration in broiler meat. Nutritional means are the best way to stabilize the lipids in whole muscle foods. By adding technical antioxidants in feeds, lipid oxidation may be inhibited. Yet increasing concern about the safety (Branen, 1975; Ito et al., 1986) and the synthetic nature of such additives promotes the search for other antioxidants. This includes the application of supranutritional levels of vitamin E (α-tocopheryl acetate, synthetic). In broilers, its antioxidant effect has been investigated intensively and confirmed repeatedly (Lopez-Bote et al., 1998; Yesilbag et al., 2011) .
During the last decade, the interest in entirely natural, plant-derived antioxidants has increased greatly. Antioxidant activities are assigned to various plant secondary metabolites such as certain phenolic compounds (Rice-Evans et al., 1997) , carotenoids (Miller et al., 1996) , and flavonoids (Pietta, 1999) . Several herbs have been successfully tested as feed additives either in dried and ground form or via extracted essential oils. The use of essential oils of rosemary (Rosmarinus officinalis) has been thoroughly investigated, and a significant decrease of lipid oxidation in chicken meat has been reported (Chang et al., 1977; Lopez-Bote et al., 1998) . Also, supplementing ground rosemary to the feed has been successful in this respect in turkeys (Botsoglou et al., 2007) and broilers (Yesilbag et al., 2011) . Therefore, it seems promising to search for further plants enhancing the antioxidant properties of meat when added to the diet of birds.
Chokeberry (Aronia melanocarpa), a shrub native to North America, has been intensively cultivated in Eastern Europe in the 20th century and recently attained growing attention in Western Europe. Chokeberry fruits are rich in phenolic compounds and have a high antioxidant capacity (Kulling and Rawel, 2008) . In animal nutrition, by-products of the food industry are an interesting option in general and especially the pomace, the residue from juice preparation, is widely accepted as an animal feed. Oszmianski and Wojdylo (2005) evaluated berries, juice, and pomace of chokeberry and found the highest total phenolics and antioxidant activity in the pomace. To our knowledge, feeding broilers with chokeberry pomace was not yet studied.
Another interesting feed might be rosehip, the fruit of Rosa canina. In vitro assays have shown a high antioxidant capacity of rosehip, especially in the lipophilic extract fraction, which is likely due to phenolic compounds (Gao et al., 2000) . Animal feeding experiments are restricted to lambs (Esenbuga et al., 2011) ; however, antioxidant effects were not investigated.
Findings concerning the antioxidant capacity of nettle (Urtica dioica), another promising feed additive, are achieved mainly by in vitro approaches (Gulcin et al., 2004) or direct application as extract added to processed foods (Alp and Aksu, 2010) . Toldy et al. (2005) found that nettle is an effective antioxidant and reduces the free radical concentration in the brain of the rat when added to its chow.
In the present study, the hypothesis was tested that there are antioxidant effects in the meat of broilers fed diets supplemented with rosehip, chokeberry, and nettle, which are at least as high as that of rosemary. Thus they may provide further alternatives helping to replace technical antioxidants or synthetic vitamin E in broiler diets. A further objective was to test whether the supplements have effects on growth performance, carcass, and meat quality. This was investigated indepth with focus on variables indicative of antioxidant activity.
MATERIALS AND METHODS

Birds and Experimental Design
In the experiment consisting of 2 runs, 144 (2 × 72) male 1-d-old Ross PM3 broiler chicks were included. The birds were purchased from a local hatchery and reared for 7 d on a commercial starter diet before the 4-wk experimental period started. Six birds each were allocated to 12 pens per run. This meant a total of 24 birds and 4 pens per treatment. The experimental diets were derived from a basal diet (Table 1) supplemented with (1) no additive, or (2) 200 IU of dl-α-tocopheryl acetate/kg (Rovimix E 50 SD, DSM, JH Heerlen, the Netherlands), or 25 g/kg of (3) rosemary, (4) rosehip, (5) chokeberry, and (6) nettle. The basal diet was designed to cover the nutritional requirements of fattening broilers (GfE, 1999) . The plant parts used were leaves (rosemary), entire above-ground plant material (nettle), fruit (rosehip), and pomace, the residue of the berries after obtaining the juice by pressing (chokeberry). All components were dried at 50°C for 48 h. The dried components were ground through a 0.75-mm sieve (model SM1, Retsch GmbH, Haan, Germany) before addition to the basal diet. The diets were steam pelleted in a laboratory pelleting press (model DFPL, Buehler AG, Uzwil, Switzerland).
The birds were kept on mesh floor (90 × 80 cm) in 60-cm-high cages arranged over 3 floors. The temperature was continuously reduced from 32°C in wk 1 to 20°C in wk 5. Water and feed were provided for ad libitum consumption. Per pen, BW, and ADFI were recorded weekly and water intake was registered on 4 d per wk. The ADG and feed conversion ratio (g of feed/g of ADG) were calculated per week. Mortality was recorded daily. During two 3-d periods in wk 3 and 5, representative samples of excreta (per pen) and diet were collected. The excreta were lyophilized (model Beta 1-16, Christ, Oserode am Harz, Germany), and dry excreta and feed were ground through a 0.75-mm screen with a centrifugal mill (model ZM1, Retsch GmbH, Haan, Germany). The experimental design was approved by the cantonal veterinary office of Zurich, Switzerland (approval no. 15/08).
The birds were slaughtered under commercial conditions on d 36. Carcass weight was measured after evisceration and removal of abdominal fat, feet, head, and neck. Dressing percentage was calculated as the proportion of carcass weight in total BW. The left breast and thigh muscles, abdominal fat, and various inner organs were dissected and weighed. The color of the skin on top of the left breast (after removal of the feathers) and of the right lobe of the liver was determined with a chromameter (model CR-300, Minolta, Ramsey, NJ) using the L*a*b* color space (diffuse illumination/0° viewing angle; measuring area, ø 8 mm). Muscles, abdominal fat, and liver were stored thereafter at -20°C until further analysis.
Feed and Excreta Analysis
Feed and excreta were analyzed according to standard procedures (Van Soest et al., 1991; AOAC International, 1997) . Dry matter was determined using a thermo gravimetric device (model TGA-500, Leco, St. Joseph, MI). Nitrogen content was analyzed using a C/N analyzer (model Analysator Type CN-2000, Leco) . Crude protein was calculated as 6.25 × N. Neutral detergent fiber (NDF) and acid detergent fiber (ADF), corrected for ash content, were determined according to Van Soest et al. (1991) . For NDF determination, 100 μL of α-amylase (Sigma-Aldrich, St. Louis, MO) was added. Ether extract was determined with a Soxhlet extraction system (model Extraktionsapparatur B-811, Büchi, Flawil, Switzerland) in feed only. Gross energy was measured by combustion with a bomb calorimeter (model Calorimeter System C700 with Cooler C7002, IKA, Staufen, Germany). The 4 M HCl insoluble ash (AIA) was determined according to Vogtmann et al. (1975) . Briefly, samples were boiled in 100 mL of HCl for 30 min. The remaining slurry was quantitatively filtered through ash-free filter paper (Munktell Filter AG, Falun, Sweden), washed free of acid, and dry ashed for 6 h at 550°C.
Herbal supplements and complete diets were analyzed for contents of α-, β-, γ-, and δ-tocopherols. After saponification with KOH (Merck, Darmstadt, Germany) for 30 min at 95°C, analysis was conducted according to Rettenmaier and Schuep (1992) with a normal-phase HPLC (Waters Alliance 2695 equipped with a fluorescence detector, Waters Corporation, Milford, MA) on a Nucleosil 100-5 CC125/4 column (Macherey-Nagel, Dueren, Germany). For phenol analysis and radical scavenging activity (RSA), 100 mg of sample was extracted in 5 mL of 70% acetone (Sigma Aldrich) and 50% methanol (Fluka, Buchs, Switzerland), respectively, in an ultrasonic water bath (model ultrasonic cleaner, VWR, Dietikon, Switzerland) for 20 min. This procedure was repeated twice and the combined supernatants were mixed thoroughly before further analysis.
Total phenol content was then assessed by the Folin-Ciocalteu method as described by Makkar (2003) , modified only by using gallic acid as standard. The RSA was determined only in herbal additives following Mansouri et al. (2005) and using the free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH • , Sigma-Aldrich). An amount of 50 μL of the combined supernatant was added to 950 μL of 0.12 mM methanolic DPPH • solution. The mixture was incubated for 30 min in the dark and the absorbance was measured at 515 nm using a UV-Vis double-beam scanning spectrophotometer (model UV-160A, Shimadzu, Kyoto, Japan). The EC 50 (mg of sample/mg of DPPH • ) was calculated as the amount of sample necessary to reduce half of the initial DPPH • concentration. The herbal feed additives were further subjected to Rancimat (model 697, Metrohm, Herisau, Switzerland) analysis to measure their efficiency to prolong induction time of oil (i.e., the time until secondary oxidation products are analytically detected). For that purpose, 2.5 g of oleic acid was complemented with 75 mg of ground sample. The result was related to the value found with nonsupplemented oleic acid to calculate the Rancimat antioxidant factor (RAF).
Body Tissue Analysis
Breast muscles were thawed over night at 4°C before use and cut into 6 pieces of similar size per bird. One piece was immediately analyzed for tocopherol content as described above. Another one was immediately subjected to determination of contents of TBA reactive substances (TBARS) after being processed as described below. Another piece was vacuum packaged (model VC999/09, Inauen Maschinen AG, Herisau, Switzerland), and the 3 remaining pieces were covered with air-permeable film to retain their moisture. The latter 4 samples per bird were stored at 4°C and exposed to light (1,000 lx) for 12 h/d. Analysis of TBARS was performed on d 3, 6, and 9; the vacuum packaged sample was analyzed on d 9 of storage. For TBARS analysis, according to Tarladgis et al. (1960) , the sample was homogenized with a conventional mix chopper and duplicates of 10 g each were distilled in 0.1 M HCl (Erne Surface AG, Avenches, Switzerland) and 250 μL of silicone antifoam (Sigma-Aldrich) until 50 mL of distillate was collected. Subsequently, 5 mL of the distillate was combined with 5 mL of 0.02 M 2-TBA (Sigma Aldrich) and heated in a boiling water bath for 35 min, allowing the malondialdehyde (MDA) present in the distillate and the TBA to form a red complex. The sample was cooled to room temperature and absorbance was measured at 532 nm with the same spectrophotometer as used for RSA analysis. Distilled water instead of distillate was mixed with TBA and used as a blank for calibrating the spectrophotometer. On the basis of intercept and slope data obtained from linear regression of a standard curve determined with 1,1,3,3-tetraethoxypropane (Fluka), MDA concentration was calculated.
In abdominal fat, induction time was determined on the Rancimat. Prior to analysis, frozen abdominal fat was cut into 5 × 5 mm pieces and melted gently during 30 min at 60°C in a drying cabinet. An amount of 2.5 g of fat was subjected to analysis at 105°C and an air flow of 20 L/h.
Calculations and Statistical Analysis
The AIA, increased by adding the indigestible indicator celite to the basal diet, was used to calculate coefficients of apparent digestibility of NDF and ADF as well as metabolizabilities of energy and nitrogen based on the description of Vukić Vranješ et al. (1994) for indicator techniques. Outliers, defined as exceeding the mean value of the variable by more than 3 times the SD, were excluded before statistical analysis. An ANOVA on the experimental data was performed using the MIXED procedure of SAS (SAS software version 9.2, SAS Institute Inc., Cary, NC) either on pen data or individual bird data. With the latter, pen and run were considered as random effects. Mortality data were subjected to arcsine square root transformation before analysis. For the TBARS measurements, the effect of day of storage was included by a repeated measurement statement with covariance structure as variance components. Comparisons among means were conducted using Tukey's procedure considering P < 0.05 as significant.
RESULTS
Realized Feed Composition
The results of the chemical analysis of the diets demonstrated that the dilution of CP, gross energy, and fat through the addition of herbal supplements was not substantial (Table 2 ). There was a tendency for increased ADF and NDF contents. Total tocopherols were largely unaffected in all diets with herbal supplements compared with control. Total phenols were higher with rosemary, nettle, and chokeberry addition. The antioxidant properties of the herbal supplements differed, being superior in rosemary, and the order also differed between RSA (low values are favorable) and RAF (high values are favorable).
Growth and Slaughter Performance
The average BW of the broilers on d 8 (i.e., at the beginning of experimental feeding) was 177 g (SD 6.6 g). Birds receiving rosehip showed the highest ADFI and ADG (P < 0.05) compared with the rosemary (wk 2 and 3) and the control (wk 4, Table 3) groups. This also resulted in a correspondingly better (P < 0.05) feed conversion ratio compared with rosemary, but only in wk 2. Across the entire experimental period, ADFI, ADG, and feed conversion ratio were not significantly influenced by treatment, but this may be because of the reduced number of replicates in these traits (pens instead of individual birds). Water expenditure was highest (P < 0.05) for the rosehip (wk 2) and the control groups (wk 3) compared with the rosemary group. No treatment differences were found for mortality.
The apparent digestibility of NDF and ADF was affected by treatment in wk 5 only (Table 4 ). The NDF was higher (P < 0.05) in the nettle and control groups compared with the chokeberry treatment. Digestibility of ADF was higher (P < 0.05) in the vitamin E group compared with rosemary and chokeberry treatments. In wk 3, energy metabolizability was better (P < 0.05) with vitamin E than with rosemary and chokeberry treatments. For the latter, metabolizability and ME content were also lower compared with control treat- ment. In wk 5, control, vitamin E, and nettle treatments resulted in the highest (P < 0.05) energy metabolizability and the rosemary treatment in the lowest. Also, nitrogen metabolizability was negatively affected (P < 0.05) by rosemary supplementation in wk 5 compared with the rosehip treatment. The DM contents of the excreta were not affected by treatment. Consistent with ADG, carcass weights were higher (P < 0.05) with rosehip supplementation compared with the rosemary-treated birds, with the other groups ranging in between (Table 5) . Treatment did not influence either dressing percentage or proportions of the valuable muscles from breast and thigh in total carcass. From the internal organs dissected, only the proportions of pancreas and liver were affected by treatment. They were higher (P < 0.05) in the rosemary group compared with most (pancreas) or all (liver) other groups.
Color and Oxidative Stability of Body Tissues
Nettle supplementation resulted in a clearly intensified (P < 0.05) skin yellowness (b*) compared with all other groups (Table 6 ). Also, birds receiving rosemary supplemented feed had a more (P < 0.05) yellow skin compared with control, although much less intensive (P < 0.05) than with nettle addition. The differences in liver b* were less pronounced yet significant, with higher values found in the nettle-supplemented birds compared with the vitamin E and control treatments. There was no difference between treatments in luminosity (L*) and redness (a*) of skin and liver. Vitamin E supplementation led to the highest contents (P < 0.05) of total and α-tocopherol in breast meat (Table 7) . Also, rosemary and nettle supplementation yielded higher (P < 0.05) total and α-tocopherol values compared with control, whereas the values were intermediate with rosehip and chokeberry supplementation. During storage over 9 d, TBARS of breast meat increased (P < 0.05) in all treatments except for the vitamin E and rosemary groups, although both treatments also had numerically increasing values with increased storage time. Vitamin E supplementation resulted in low (P < 0.05) TBARS values over the entire storage period. With rosemary addition, the TBARS were lower (P < 0.05) also on d 9 of storage compared with control and nettle treatments. Vacuum packaging of samples decelerated (P < 0.05) TBARS formation during 9 d of storage compared with regular packaging in all treatments except for vitamin E and rosemary groups. Levels were equal to those on d 0 in all treatments except for control and nettle groups, where TBARS also increased when vacuum packaged. Vitamin E supplementation led to the longest (P < 0.05) induction time in the Rancimat test compared with all other groups. Rosemary supplementation was superior (P < 0.05) to control and nettle treatments, with intermediate values found in the rosehip and chokeberry groups.
The fatty acid composition of the complete diets and the abdominal fat was not substantially affected by the herbal additives (data not shown), which excludes that this was a confounding factor in exhibiting the antioxidant properties by the supplements.
DISCUSSION
Effects of the Supplements on Diet Composition and Bird Performance
When considering strategic supplementation with herbs, it is important to know whether or not this is associated with any unfavorable effects on performance that would prevent the adoption of this measure in broiler production practice. In the present study, the addition of 25 g/kg of ground plant supplement caused no major changes in the macronutrient composition of the diets, except for the elevated fiber contents. The latter explains the reduction of the metabolizability of the supplemented diets. The concomitant tendency toward a lower fiber digestibility of the herb-supplemented diets adds to this. Poultry typically compensates a lower energy density by a higher ADFI, unless gut capacity or feed palatability are limiting. There was a weak trend for a slightly increased ADFI with the herbs, except for the rosemary-supplemented diet. Bird performance was among the lowest (ADFI, ADG, carcass weights) with rosemary addition. This was likely due to the strong flavor of rosemary that required an adaption period. Consequently, differences in performance were particularly pronounced in wk 2 and 3, and less so in wk 4 and 5. Although these differences were not statistically significant, negative effects on performance in large-scale application still cannot be excluded because the number of replicates in these traits was low. In contrast, Yesilbag et al. (2011) reported no difference in ADFI between broilers receiving control or rosemary-supplemented diets. The rosemary additions had been 5.1, 8.6, and 11.5 g/kg of diet in that study and no differences either among those groups or to the control group were stated. Florou-Paneri et al. (2006) also observed no adverse effect on ADFI when adding up to 10 g/kg of ground rosemary to layer diets. The rosemary-fed birds of the present study had an enlarged pancreas and liver in relation to carcass weight. In rats, feeding of a water-soluble extract from rosemary revealed a clear link between increased relative liver weight and liver detoxification enzymes (Debersac et al., 2001) , which suggests that this herb contained factors requiring additional efforts of the body to digest and metabolize the nutrients. Ahmed et al. (1991) demonstrated that an increased level of tannins in broiler diets results in poorer performance, both regarding BW gain and apparent nitrogen digestibility. The rosemarytreated birds also had a numerically reduced nitrogen metabolizability when compared with the control. It could, therefore, be that the rosemary-treated birds experienced such an effect. The actual causative substance of this phenomenon still has to be identified, but this, combined with the reduced ADFI, suggests that a dosage of 25 g of rosemary/kg of feed might be too high.
Birds receiving rosehip supplementation, by contrast, had the best ADG, feed intake, and feed conversion ratio (only in wk 2), except for wk 5 (n = 4). The resulting carcasses (n = 21) were heavier than those of the control and rosemary treatments. Only vitamin E addition resulted in similarly heavy carcasses. There are no comparable studies on the effect of rosehip in broiler nutrition. The only study dealing with rosehip in animal nutrition was carried out by Esenbuga et al. (2011) , who investigated the effect of rosehip seed feed addition on carcass weight and fattening performance of lambs. In contrast to our study, where the entire fruits had been used, a negative effect was observed with 50 and 150 g/kg of rosehip seed addition on BW gain and ADFI. The favorable performance of the rosehip-fed birds, especially when compared with rosemary-treated birds, coincided with a high nitrogen metabolizability at similar fiber digestibility and energy metabolizability compared with the other groups. The favorable nitrogen utilization might have promoted muscle formation, which was manifested in high ADG and slaughter weight at unchanged meat proportions of the carcass. Because the gut microflora may adversely influence the nitrogen metabolizability (Furuse and Yokota, 1985) and suppression of the gut microflora is a mode of action by growth promoters (Visek, 1978) , the present results suggest that rosehip possibly acts in a similar way, too. This view is supported by comparing the present results to those of Sarica et al. (2005) , who a-d,x-z Values in the same row or column, respectively, with no lowercase common superscript are significantly different (P < 0.05). A-C Treatment means for d 9 v in the same row with no common capital letter superscript are significantly different. 1 For the TBARS data, repeated measurement statement for day of storage was included in the model and P-values for the effect of day of storage were <0.001. The P-values for the interaction of treatment diet and day of storage were <0.001.
2 Vacuum packaged sample storage. 3 IT = the time until secondary oxidation products appear, as analyzed on a Rancimat (Metrohm, Herisau, Switzerland).
*P < 0.05 and NS give the significance level relative to d 0/d 9 within dietary treatment as calculated by the same model as the TBARS data but with day levels as the fixed effect.
obtained a similar improvement in performance when antibiotic growth promoters were applied in broiler diets (ADG: +7.7%). Hernandez et al. (2004) also stated an increase in ADG when adding an antibiotic (+6.6%), an essential oil extract (+3.7%), and a labiatae extract (+7.7%). In the present study, rosehip supplementation resulted in 7.7% increase in ADG, thus being at the upper section of the range of effects found with growth promoters obtained from herbs and essential oils as reviewed by Hippenstiel et al. (2011) . However, the feed conversion ratio, which was first similar to control, was getting less favorable in wk 5 (not significant) in the rosehip group, thus being overall numerically higher than in the control. This was likely due to the lower energy metabolizability of the rosehip diet and the higher BW of the rosehip-supplemented broiler at the end of fattening. Based on the present results, rosehip is considered as a potential novel plant-derived growth promoter and its use warrants further investigation.
Supplementing chokeberry pomace and nettle was without obvious effect on performance, carcass weights, and composition of the broilers compared with control and there was also no significant effect of the omission of α-tocopheryl acetate in the control in performance and carcass weights. Still, a lack of effect on performance has to be confirmed in larger scale measurements.
Effects of the Supplements on Color Traits
Skin b* was massively intensified by nettle addition to broiler feed. This can be attributed to lutein and lutein isomers, shown earlier to be effective in broiler skin pigmentation (Quackenbush et al., 1965) . In nettle, these compounds make up proportionately 0.60 of total carotenoids and, numerically, 46.8 and 33.4 μg/g of dry weight of mature and young leaves, respectively (GuilGuerrero et al., 2003) . The coloring effect of nettle was observed in the liver as well, though at a much lower magnitude. There was also a certain increase in skin b* with rosemary compared with control, likely also a consequence of pigments present in that plant. Broiler skin coloring with nettle could be interesting in some cultural areas, because the color preference of consumers varies worldwide (Fletcher, 2002) .
Antioxidant Properties of the Herbal Supplements
The main hypothesis tested was that the herbal supplements exert antioxidant properties not only in the feed but also transfer the active principles to the meat. If effective, it should be possible to replace part or all of the synthetic vitamin E supplemented.
In the present study, the herbs were shown to have an antioxidant activity as such. However, there was no clear link between the indicators of antioxidant activity (RSA and RAF) used and the corresponding concentration of antioxidant components (tocopherols and phenols). With rosemary, low RSA and high RAF were not directly linked to high tocopherols. Although chokeberry and rosehip were highest in tocopherols, their antioxidant activity was only second and third to rosemary. This suggests that the herbs exhibit antioxidant properties by modes, which do not primarily depend on their total tocopherol content. There was a tendency for a better antioxidant activity in vitro with higher phenolic compounds (rosemary, chokeberry) . This is consistent with Velioglu et al. (1998) who described a significant correlation between total phenolics and in vitro antioxidant activity. High in vitro antioxidant activity has been ascribed earlier to rosemary (Chen et al., 1992; Madsen and Bertelsen, 1995) , chokeberry, and especially the pomace thereof (Oszmianski and Wojdylo, 2005) . Although there have been reports about a high antioxidant activity of rosehip (Gao et al., 2000) and nettle (Gulcin et al., 2004) in in vitro test systems, these effects could not be repeated in the present study with the test systems applied.
When supplementing rosemary, there was a clear effect also on the oxidative stability of the meat both concerning oxidation of the breast meat (TBARS) and induction time of the abdominal fat as a model of body fat depots, yet the effect was smaller than that of the supranutritional vitamin E treatment. Also, Yesilbag et al. (2011) found clear evidence that rosemary, added as ground plant material either at 11.5 g/kg or at the corresponding amount of rosemary essential oil (200 mg/ kg), is an effective antioxidant in broiler breast meat. In their investigation, rosemary was even more effective than 200 IU of α-tocopheryl acetate/kg of feed in preventing oxidation although the dosage applied and the total phenolic content of rosemary had been lower than in the present study. Lopez-Bote et al. (1998) stated an antioxidant effect of 500 mg/kg of rosemary oil extract supplementation, yet inferior to the α-tocopheryl acetate control. Similar results were obtained with turkeys fed on ground rosemary-supplemented diets at a level of 10 g/kg (Botsoglou et al., 2007) . Although a dosage of 200 IU α-tocopheryl acetate/kg is in accordance with the typical application in such experiments, dosages of only 50 to 100 IU/kg are common in feeding practice to which the antioxidant effect of rosemary might be competitive. The higher antioxidative protection found by Yesilbag et al. (2011) for the lower rosemary supplementation level indicates a potentially better antioxidant activity of rosemary at lower dosages, which differs from the results found in turkey (Botsoglou et al., 2007) . Yet, because the 3 novel herbal antioxidants were less effective in vitro, the dosage applied in the diets had been chosen in such a way that an antioxidant activity could be expected. The addition of chokeberry pomace and rosehip fruits resulted in intermediary values laying between control and rosemary treatment in both TBARS and induction period, and did not differ significantly from either. Among the supplements, nettle was least effective in exhibiting antioxidant activity in the bird. Concerning TBARS, it rather showed a trend to accelerate lipid oxidation. By contrast, Toldy et al. (2005) reported a decrease in reactive oxygen species (ROS) in the brain of rats when their feed was supplemented with 10 g/kg of dried nettle leaves. In the present study, the most effective method in preventing lipid oxidation, apart from rosemary and α-tocopheryl acetate addition, was vacuum packaging of the meat samples. This phenomenon has been demonstrated repeatedly for pork (Jensen et al., 1998) , turkey breast (Nam and Ahn, 2003) , and cooked broiler breast meat (Du et al., 2001) .
Various antioxidants may be responsible for the corresponding properties of the herbs either as such or after being fed to animals. Tocopherols are among the effective antioxidants that are transferred from feed to animal tissue (O'Neill et al., 1998; Botsoglou et al., 2007) . Consistent with that, supplementation with α-tocopherol led to an almost 4-fold increase of the total tocopherol content in breast meat. This effect was similar in magnitude to that reported by O'Neill et al. (1998) working with the same dietary tocopherol concentrations and reaching 16 mg of tocopherol/kg in the breast meat (here 13 mg/kg). There was a significant transfer of tocopherols from diet to breast meat with the addition of nettle and rosemary, although levels only increased by a factor of about 2, thus much less than found with the vitamin E treatment. The increase of total tocopherol content can mainly be attributed to α-tocopherol and only to a very small extent to γ-tocopherol. Furthermore, the proportionate biological activity of γ-tocopherol is only 0.10 of that of α-tocopherol (Kamal-Eldin and Appelqvist, 1996) , making the contribution of this form of vitamin E to total antioxidant activity almost negligible. For rosemary, the increase of total tocopherol content coincides with a clear antioxidative effect in breast meat, but not so for nettle supplementation. For the latter, there was even a numerical prooxidant effect, especially on d 6 of storage, although tocopherol content in breast meat was elevated. Recently, negative effects of high dietary antioxidant dosage on the induction of antioxidant enzyme activity have been reported, resulting in a compromised antioxidant defense system in the animal (Ristow and Schmeisser, 2011) . In nettle, this phenomenon could be a possible explanation for its prooxidant properties, yet certainly not induced by a tocopherol overload. Therefore, an overload with other antioxidants could have taken place which the elevated tocopherol content could not compensate. No clear transfer of tocopherols to body stores was found with rosehip and chokeberry.
The phenolic contents of the diets were increased by any of the herbal additions. Yet it must be clearly stated that the analysis in the diet was assessed in few random feed samples, which does not warrant a statistical analysis of the differences between diets. Furthermore, the determination of the total phenolic content by the Folin-Ciocalteu method is not as accurate as HPLC methods at low phenolic concentration in the samples and is also more susceptible to interference (Escarpa and González, 2001) , therefore leading to less accurate results in complete diets than in the plain herbs. The transfer of phenols was not analyzed in the present study. This phenomenon may well explain antioxidative effects, which are not obviously the result of the increase in tocopherol intake and deposition in the body, because some phenolic compounds exhibit antioxidant properties (Rice-Evans et al., 1997) . In rosemary, phenolic diterpenes, such as rosmanol and carnosol, and phenolic acids, namely rosmarinic and caffeic acids, are the predominant active components (Cuppett and Hall, 1998) . In chokeberry, the main polyphenolic components are tannins, especially anthocyanins and procyanidins (Kulling and Rawel, 2008) and only a minor fraction are flavonoids (Oszmianski and Wojdylo, 2005) . The antioxidant activity of chokeberry has been mainly associated with o-diphenolics, which stabilize its radical form and participate in electron delocalization. They are present in chokeberries and its pomace as caffeic acids, cyanidins, and quercetin derivates (Oszmianski and Wojdylo, 2005) . The main active phenolic compounds in rosehip are anthocyanidins, namely cyanidin-3-O-glucoside as well as catechins and glycosides of quercetin (Hvattum, 2002) . Moreover, rosehip provides additional nonphenolic antioxidative substances such as vitamin C and carotenoids. The main antioxidant compound in nettle is the phenolic acid ferulic acid, and also some flavonoids were detected (Proestos et al., 2006) . Although all of the supplements applied contain antioxidative active ingredients, activity in the body tissues could not be demonstrated in all cases in the present study. This may be due to a different bioavailability (absorbability and metabolic fate) in the bird (Kohlert et al., 2000) . This is a common constraint of natural feed additives that show promising in vitro results. Because the components active in vivo, if there is absorption at all, are metabolites of the dietary polyphenols, the form reaching the tissue is not identical with the dietary supplement (Kroon et al., 2004) . For instance, the flavanol quercetin is present in human plasma as quercetin-3-glucuronide, 3′-methylquercetin-3-glucuronide, and quercetin-3′-sulfate, yet the quercetin, and other derivates thereof, have been demonstrated to be absent (Kroon et al., 2004) . For most polyphenols, little is known about their bioavailability and even less about the form, rate, and place of deposition in the broiler tissue.
A further possible reason for the differences in the effects of the supplements could have been that the supplementation of whole plant material inevitably results in the application of a large number of biologically active substances that also may interact. Although this circumstance makes it impossible to associate oxidative protection to a specific compound, it is nevertheless a suitable method to identify novel sources of antioxidants. The simultaneous application of different antioxidants has repeatedly resulted in synergistic effects and has been demonstrated for mixed tocopherols and tocopherols combined with ascorbic acid or polyphenols (Kamal-Eldin and Appelqvist, 1996) . On the other hand, antagonistic effects have also been reported among different polyphenols (Škerget et al., 2005) . Accordingly, the prediction of the antioxidant potential in vivo is very complex and needs to be confirmed and further investigated especially for rosehip and chokeberry pomace, with different test systems and concentrations. Further experiments have to clarify whether the supplementation of nettle had provided excessive amounts of antioxidants turning the effect to be prooxidant.
In conclusion, rosemary showed the expected antioxidant properties in meat and depot fat when added to the diet of broilers. Yet oxidation was delayed less intensively than with a high dose of α-tocopheryl acetate. Furthermore, 25 g of rosemary/kg of diet was found to be at the borderline to impair performance. Rosehip and chokeberry both turned out to be interesting herbal additives, although their optimal dosage for antioxidant activity remains yet to be investigated. In addition, the potential for the application of rosehip as a growth promoter certainly deserves further attention. Nettle proved unsuitable as dietary antioxidant in the applied form and concentration, yet the coloring effect on the skin could be interesting for broiler production in certain cultures.
